The TWIP steels show high strain hardening rates with high ductility which results in high ultimate tensile strength. This makes their processing by equal channel angular pressing very difficult. Up to now, this has only been achieved at warm temperatures (above 200°C). In this paper, a FeMnCAl TWIP steel has been processed at room temperature and the resulted microstructure and mechanical properties were investigated. For comparison, the material has also been processed at 300°C. The TWIP steel processed at room temperature shows a large increase in yield strength (from 590 in the annealed condition to 1295 MPa) and the ultimate tensile strength (1440 MPa) as a consequence of a sharp decrease in grain size and the presence within the grains of a high density of mechanical twins and subgrains. This dense microstructure results also in a loss of strain hardening and a reduction in ductility. The material processed at 300°C is more able to accommodate deformation and has lower reduction in grain size although there is a significant presence of mechanical twins and subgrains produced by dislocation activity. This material reaches an ultimate tensile strength of 1400 MPa with better ductility than the room temperature material.
Introduction
Nowadays, both from an environmental and from an economic point of view, the demand of lightweight materials in the automotive industry is increasing constantly. According to some statistics, a weight reduction in a car of 10% promotes a fuel consumption reduction between 3 and 7% ( Ref 1, 2) . Therefore, the optimization and upgrading of steels, which account for 55 to 70% of the total vehicle weight, is extremely important.
Austenitic high-Mn (15-30 wt.%) steels showing twinninginduced plasticity (TWIP) provide great potential in applications for structural components in the automotive industry, owing to their excellent tensile strength-ductility combination. This makes these steels as ideal candidates for energy absorption applications, such as automotive crash safety components and vehicle armor (Ref 3) . The exceptional mechanical behavior is triggered by the value of the stacking fault energy (SFE) of these particular steels. It is well known that the active deformation mechanism depends on SFE, which is controlled by the temperature and the composition. At low SFE values, the deformation mechanism is mainly controlled by martensitic transformation [transform-induced plasticity (TRIP) effect]. At increasing SFE, twinning-induced plasticity (TWIP effect) becomes the governing mechanism. Finally, at large SFE values, dislocation glide is the active mechanism ( Ref 4, 5) . In order to promote a TWIP effect, the SFE values have range between 12-35 mJ/m 2 (Ref 4) . The high strength attained by TWIP steels is attributed to a dynamic Hall-Petch effect (Ref 3, 6, 7) : deformation progresses by the formation of twins which act as obstacles for dislocation gliding. This process results in a limitation of the dislocation mean free path, leading to a high hardening behavior while large ductility is due to the plasticity promoted by the twinning transformation.
When compared to other advanced high strength steels (AHSS), the wide spread use of TWIP steels is limited, especially in the vehicle industry, because of their relatively low yield strength (Ref 3) . In order to solve this problem, some solutions have been proposed and explored in the literature, namely: precipitation hardening ( Ref 6, [8] [9] [10] [11] ) and grain refinement by thermo-mechanical processing . However, the alternative way to promote grain refinement by severe plastic deformation (SPD) has not been yet explored enough.
It is widely recognized nowadays that SPD is an efficient method to enhance the yield and ultimate strength. Matoso et al. (Ref 15) conducted high-pressure torsion (HPT) procedure on a Fe-Mn-Al-Si TWIP steel and found that the hardness increased sharply. However, the strain hardening was lost because twinning was exhausted during the deformation. Abramova et al. (Ref 16 ) applied HPT at different temperatures and found different deformation mechanisms. Another method of SPD, equal channel angular pressing (ECAP) is also considered an efficient one. Through this multi-step technique, a large amount of shear strain can be introduced in the processed samples after every pass, with no change in the transversal section of the workpiece, refining the microstructure of the processed material and resulting in improvements in both physical and mechanical properties. Particularly, ECAP can introduce large strains in the deformation process and increase the dislocation density quickly.
There is scarce information on the application of ECAP for TWIP steels. In fact, it is hard to carry out ECAP on TWIP steel due to their extremely high strength and high ductility. Bagherpour et al. (Ref 17) conducted ECAP at room temperature for TWIP steels in an ECAP die of U = 120°observing a large number of cracks and concluded that flow localization was in the basis of the onset of fracture. The attempts to process TWIP steel in ECAP dies with U = 90°at room temperature have failed due mainly to fractures in the punch, and it has only been possible when the temperature has been increased to 300°C (Ref 18, 19) . By this process, good results have been obtained but high temperature could lead to either dynamic or static recrystallization and therefore grain size refinement is limited. Furthermore, the twin fraction can decrease at high temperature (Ref 20, 21) and some change in the deformation mechanism of TWIP steels could be expected (Ref 22) . The introduction of an outer angle w in the typical ECAP die with U = 90°has proven to be a good solution to extrude high strength or high ductility materials (Ref 23, 24) . On this basis, the use of an ECAP die with an outer angle w with high curvature should increase the chances of success in processing the TWIP steel by ECAP at room temperature.
This work has the aim to process a TWIP steel by ECAP at room temperature and to characterize the microstructural evolution and the mechanical properties. The results will be compared with the case of a TWIP steel processed by ECAP at the usual temperature of 300°C. For this, samples extracted from the extruded bars at both temperatures will be tested by tensile tests. At the same time, the microstructure of both materials will be characterized by electron back-scattered diffraction (EBSD) and transmission electron microscopy (TEM) in order to interpret the influence of microstructural changes in the mechanical properties of the processed materials.
Experimental Procedure
The chemical composition of the steel under study is listed in Table 1 . Moreover, in this table, the calculated value of SFE according to Ref 25, 26 is also included. In particular, the SFE is calculated based on the formula (Ref 26):
where C is the SFE of austenite, q is the atomic density of the close-packed plane in FCC crystal structure, DG c!e is the difference in the chemical free energy between austenite and epsilon martensite phase, and a c=e is the inter-facial energy between austenite and epsilon martensite phase. The value for the present steel is 27.3 mJ/m 2 , within the range of values for which twinning is an active deformation mechanism at room temperature.
The material was received as a hot-rolled plate of 15 mm in thickness. ECAP cylindrical samples with 60 mm in length and 8 mm in diameter were machined from the above plate. For homogenization purposes, these bars were annealed for 60 min at 1200°C in a protective Ar inert atmosphere followed by water quenching, giving as a result a material with an average grain size of 99 lm (twin boundaries were not considered).
The ECAP was performed in a die made of a tool steel with two channels intersecting at an inner angle of U = 90°and an outer angle of w = 37°(see Fig. 1 ), resulting in a strain of 1 per pass, according to the IwahashiÕs relationship (Ref 23) . The axis reference system xyz is also illustrated in Fig. 1 with special emphasis on indicating the extrusion direction ''x'' (ED), the normal direction ''y'' (ND) and the transversal direction ''z'' (TD). MoS 2 was used as a lubricant, and the extrusion speed was 0.002 m/s. In the case of room temperature process, it was only possible to extrude the material one pass. In the second pass, there were different problems related with fractures of the punch and breakage of the samples. For comparison, the material was also processed at 300°C for one pass. For this purpose, the die was placed inside a furnace for warm temperature processing and it was heated to 300°C, then the sample was introduced in the die and left to warm during 5 min before processing.
The tensile samples were machined from the longitudinal section of the ECAP samples as displayed in Fig. 2 (a). The dimensions of the micro-tensile samples used in this work are shown in Fig. 2 (b). The tensile tests were carried out in a Microtest DEBEN machine with a cross head speed of 3.3 9 10 À3 mm/ s (quasi-static loading conditions). The fracture surfaces were analyzed under scanning electron microscope with a Field Emission Gun JEOL JSM-7001F (FE SEM) operated at 20 kV.
The grain size was measured by electron back-scattered diffraction (EBSD) on the transverse plane (xy plane). The samples were cut from the center of the ECAP specimens and mechanically polished using 0.02 lm colloidal silica solution. High resolution orientation maps were acquired through a scanning electron microscope (SEM) with a Field Emission Gun JEOL JSM-7001F (at a voltage of 20 kV) operating with the Oxford Instruments HKL Channel 5 software. Different step sizes were used: 3 lm for the annealed TWIP steel, 0.2 lm for the samples with 1 ECAP pass at 300°C, 0.08 lm for the samples with 1 ECAP pass at room temperature. The orientation color code used in this paper is given by the standard triangle of inverse pole figure (IPF): grains misoriented with respected to the AE100ae, AE110ae, AE111ae orientations are red, green and blue, respectively.
Further microstructure examination was performed through transmission electron microscopy (TEM). The specimens were analyzed in a Philips C2100 microscope operating at 200 kV. The samples for TEM observation were mechanically polished to 40 lm in thickness and then thinned by twin-jet electron polishing in an electrolyte solution of 95 vol.% acetic acid glacial and 5% perchloric acid at room temperature.
Results

Microstructure Characterization
3.1.1 EBSD Characterization. Figure 3 shows the microstructure of the annealed and ECAPed samples obtained by EBSD, and some detailed microstructural information is given in Table 2 . In the initial material ( Fig. 3a and b) , equiaxed austenite grains with some annealing twins can be observed. After one ECAP pass at room temperature ( Fig. 3c  and d) , the grains appear extremely elongated in the shear direction, whereas the average grain size is sharply reduced. Nearly all the observed grains have developed subgrains, which is consistent with the high increase in low-angle grain boundaries (LAGB). In addition, bundles of mechanical twins are fairly easy to see. In the case of the material after one ECAP pass at 300°C (Fig. 3e and f) , the grains are also elongated in the shear direction, but there is a smaller refinement of the structure. The average grain size is clearly larger than in the case of the room temperature process. At high temperature, it is also evident a large dislocation activity inside the deformed grains since numerous LAGB can be observed. The presence of mechanical twins is rather usual, and the twin fraction is only slightly lower than in the case of the room temperature material. This indicates that although the increase in the SFE with temperature above the range of 12-35 mJ/m 2 , the TWIP steel deforms by twinning in ECAP process (Ref 18) . However, the microstructure is less homogeneous than in the room temperature process and some grains appear with a lower density of subgrains and mechanical twins. The effect of temperature is also reflected in the measured values of twin thickness. In the initial material, the annealing twins have a thickness of 47.2 ± 35 lm. After ECAP at 300°C, the twin thickness decreases to 1.03 ± 0.8 lm and in the case of ECAP at room temperature the value is only 0.4 ± 0.3 lm.
3.1.2 TEM Analysis. Figure 4 shows a bright field TEM image for the annealed sample. In the initial stage prior to deformation long dislocations can be seen, with few intersections between them. However, the microstructure changes significantly after one ECAP pass. The TEM images corresponding to the samples after one ECAP pass at 300°C are shown in Fig. 5 . As exposed in the EBSD studies, deformation twins organized in bundles are quite obvious within the grains (as indicated by dashed lines in Fig. 5a ). At higher magnifications, zones with very narrow twins can now be observed with the occasional presence of a secondary twinning system (Fig. 5b) (Fig. 5c) . The TEM images of the ECAPed sample at room temperature (Fig. 6) show clearly that the mechanical twins are finer than in the case of ECAP at 300°C. At room temperature, the presence of secondary twins is more usual and more types of secondary twinning are activated. One of these types is when two twinning systems are sequentially activated (Fig. 6b) . This case has been described in FeMnC TWIP steels deformed at low temperature by tensile tests (Ref 30) and by ECAP at 300°C, although in the latter case the twins inside the primary twins were described as nano-twins (Ref 18). Another case is when two systems are simultaneously activated (Fig. 6c) . This higher density of thinner twins in the samples deformed at room temperature reinforced the idea that in this material the accumulation of defects by dislocation and twin interactions is larger and the possibility to introduce more deformation is very limited.
Mechanical Behavior
The true stress-strain curves of the annealed TWIP steel and the one pass samples (both ECAPed at room temperature and at 300°C) are shown in Fig. 7 . The corresponding data are summarized in Table 3 . The annealed material shows good mechanical properties, combining high ultimate tensile strength (UTS) above 1300 MPa and large ductility (total true strain close to 0.5) with a moderate yield strength (YS) of 590 MPa. The tensile curve corresponding to the sample with one ECAP pass at room temperature shows a large increase in yield strength from the annealing state (up to 1295 MPa). The UTS reaches up to 1440 MPa, which is the maximum strength obtained, but the lowest ductility. As a consequence of this, the energy absorption capability (toughness described as a measure of the region of the plastic area of the stress-strain curve) decreases sharply. For the material with one ECAP pass at 300°C, an intermediate behavior can be observed, whereas the increase in YS and UTS is significant (1150 and 1400 MPa, respectively) but lower than in the case of ECAP at room temperature, a relatively high total elongation of 19% is maintained.
The fracture surface for the three studied samples is shown in Fig. 8 . The as-received sample displays a large ductility, and fracture occurs by void coalescence and growth. Lower amount of voids and dimples are observed in general in the ECAPed samples, where some cleavage, as well as a subcell structure (typical of fine-grained material), is apparent. According to Yanagimoto et al. (Ref 31) , there are two different types of dimples for ductile fracture: the larger dimples are formed by the decohesive mechanism in the inclusion-matrix interphase, and the smaller dimples are caused by the dislocation interaction mechanism (Ref 24). After ECAP pressing, the size of the dimples is finer and more diversified (see Fig. 8b and c) ; there are more small dimples in the fracture surface of ECAP-ed samples than in the annealed one. The reason is that the dislocation density increases significantly and it is easier for dislocations to reach the grain boundary after one pass of ECAP, so that the transformation of the dislocations into multiple unstable crack initiation, which is the nucleus of cavity, is more convenient to take place. Although both samples deformed by ECAP have similar features, the sample after one pass at 300°C shows higher ductility than the sample pressed at room temperature, which is in line with the tensile test results. In the samples deformed by ECAP at 300°C, the size of its cavities is larger and the zones of cleavage and subcell structures are smaller.
A better evaluation of the ductility is the reduction in area (%RA) of the fractured specimen. This was done in the present case through scanning electron microscope due to the reduced size of the samples (Ref 32). As noticed in Table 3 , the reduction in area decreases in the samples processed by ECAP, especially at room temperature. This result was expected from the tensile tests, but is important to note that the value for the samples after one ECAP pass at 300°C is relatively high, despite the fact that the corresponding elongation value is lower. On the other hand, the sample deformed at room temperature has a low value of RA% in concordance with the more fragile aspect of the fracture surface. The strain hardening rate versus true strain is shown in Fig. 9 for the present TWIP steel. It can be noticed that the curve shows a pronounced drop from high strain hardening rate levels, reaching a constant level up to a strain of 0.12. After this, there is a slight increase in strain hardening rate which again remains almost constant up to 0.3 where a drop of the strain hardening rate starts until the sample ruptures at 0.37 strain. The strain hardening behavior of as-received condition sample is relatively similar to the one reported by Jin et al. (Ref 27) who investigated the mechanical properties of a Fe-18Mn-0.6C-1.5Al TWIP steel and indicated that the reduced strain hardening rate at the large strain region should be attributed to the deceleration of deformation twinning rate due to the effect of aluminum content on SFE. In the case of FeMnC TWIP steels, the SFE is maintained at lower values and the twinning activity at room temperature is larger. This is reflected in a large increase in hardening in the beginning of the plastic deformation region for the FeMnC TWIP steel (Ref 33) . Therefore, for the present FeMnCAl TWIP steel it may be said that the annealed material with large grain size is able to develop during tensile test a fine twin substructure that acts as an obstacle to dislocation glide and allows a large period of strain hardening based in the dynamic Hall-Petch effect (Ref 6,  7) . The material hardens until further refinement of the combined structure creates difficulties to dislocation storing which results in a decrease in strain hardening rate and final fracture (Ref 27, 33) . Fig. 9 Variation of the strain hardening rate with the true strain in the tensile test for the initial material and after ECAP processing Table 3 Yield strength (YS), unltimate tensile strength (UTS), YS/UTS ratio (YR) 16 19 In the case of the material deformed by ECAP at 300°C, a great reduction in the grain size is observed, from 69 to 3.9 lm, and the microstructure contains a large number of grains that has developed a refined structure in which appear fine mechanical twins and dislocation subgrains ( Fig. 3e and f) . This is reflected in the high increase in the yield strength, from 590 to 1150 MPa. In contrast to this, there are other grains that have not suffered this combined effect to such an extent. This deformed structure combined with the decrease in the grain size is reflected in the reduction in the work hardening period for the material obtained by ECAP at 300°C comparing with the annealed one, from a strain of 0.37 to 0.15. However, in the case of the work hardening rate the decrease is less severe, and the material is able to stabilize this rate from 0.07 to 0.13. In addition, in this stage even a slight increment of the work hardening rate is observed. The existence of a period in which the work hardening rate remains constant with plastic strain in this FeMnCAl TWIP steel can be related not only to dislocation activity but also to the presence of mechanical twinning. There are two aspects that support the presence of mechanical twinning: First, the tensile tests were carried out at room temperature, which results in a low critical stress for twinning (Ref 19) . Second, the presence in the microstructure of less deformed grains in which further microstructure refinement can be achieved. The observed increase in the strain hardening rate suggests that these two aspects have more importance than the expected decrease in the twin fraction as the grain size decreases, caused by a reduction in the number of nucleation sites for twins (Ref 34) . The stabilization of the strain hardening rate enables the uniform elongation, and then this material shows a very high UTS of 1400 MPa.
On the other hand, the sample ECAPed at room temperature shows a quite low strain hardening capability, as it only reaches a plateau after a small strain and then falls to zero. In this case, the initial microstructure has a finer grain size than in the case of ECAP at 300°C and within the grains a denser combination of subgrains and mechanical twins can be observed. This structure is reflected in a high yield strength of 1295 MPa. In addition, the EBSD studies have shown that this material has a slightly larger fraction of mechanical twins and the TEM studies allow to see a larger presence of secondary twinning, even with nano-twins inside the primary twins (Ref 18) . Unlike ECAP at 300°C, in which some dynamic recovery are expected during severe plastic deformation (Ref 18, 19, 35) , the room temperature microstructure has less possibilities to dislocation motion and creation of subgrains that help to accommodate the deformation. Accordingly, the number and density of defects is higher and the structure has very limited ability to enable dislocation motion or to create new deformation twins, which finally results in a very limited period of strain hardening (0.05). As a result, the UTS has less increment from yield strength than in the case of the samples processed by ECAP at 300°C, arriving to 1440 MPa.
In the three materials, the final UTS values are very similar. It could be explained thinking that independently of the type of deformation process, in all the cases the introduction of defects basically by dislocation glide and mechanical twins has reached or is very close to a saturation level. In this situation, taking into account the dynamic Hall-Petch effect described for these steels, the final strength in all cases could be similar. For the ECAP process at room temperature, there is an absence of strain hardening, and this microstructure would be the closest to saturation. In fact, this material has the higher UTS. In the ECAP process at 300°C and in the annealed samples, although to different extent, there is the chance of deformation twinning and then strain hardening is possible. After deformation, both materials would finally arrive to the dense microstructure combination of subgrains and fine mechanical twins that produces a decrease in strain hardening. In this sense, both materials could reach similar UTS values and at the same time this UTS might be lower than in the case for ECAP at room temperature.
Comparing the present FeMnCAl TWIP steel with the FeMnC TWIP steel deformed by ECAP with passes at 300 and 400°C (Ref 18) , it must be said that the behavior is similar, with a large increase in YS and UTS together with a lower but acceptable ductility in which hardening is present. Finally, the FeMnC TWIP steel processed by ECAP at high temperatures has a larger UTS than the present FeMnCAl steel, but this can be connected with the larger twinning activity in FeMnC TWIP steel due to the absence of aluminum that increase the SFE (Ref  18, 27 ).
Conclusions
The use of an ECAP die with an inner angle of U = 90°and an outer angle of w = 37°has enabled to severely deform a FeMnCAl TWIP steel by ECAP at room temperature only until 1 pass. Further deformation was not achieved due to fractures in punch and samples.
After one ECAP pass at room temperature, there is a strong reduction in the grain size from 99 to 1.8 lm together with a high increase in mechanical twins and subgrains caused by dislocation glide rendering a homogeneous and dense microstructure. Secondary twinning is very active, and twin thickness is well below 1 lm. On the contrary, the material after one pass at 300°C shows also an important reduction in grains size but lower than the process at room temperature. There is a significant number of mechanical twins and a high density of subgrains, but the microstructure is less homogeneous than in the case of ECAP at room temperature.
The yield strength of the annealed material is increased from 590 to 1295 MPa when deformed by ECAP at room temperature, and the ultimate tensile strength arrives to 1440 MPa. The ductility is greatly reduced with no presence of strain hardening, and this might be due to the reduced grain size and the high density of subgrains that prevent the material from twinning and dislocation motion. In the case of ECAP at 300°C, the yield strength and ultimate tensile strength rise to 1100 and 1400 MPa, and ductility reaches a 19%. In this case, the material retain some ability to harden probably related to the existence of grains in which mechanical twinning is still possible and consequently there is a period in which strain hardening is stabilized.
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